A remarkable property of nastic, shape changing plants is their complete fusion between actuators and structure. This is achieved by combining a large number of cells whose geometry, internal pressures and material properties are optimized for a given set of target shapes and stiffness requirements. An advantage of such a fusion is that cell walls are prestressed by cell pressures which increases, decreases the overall structural stiffness, weight. Inspired by the nastic movement of plants, Pagitz et al. 2012 Bioinspir. Biomim. 7 published a novel concept for pressure actuated cellular structures. This article extends previous work by introducing a modular approach to adaptive structures. An algorithm that breaks down any continuous target shapes into a small number of standardized modules is presented. Furthermore it is shown how cytoskeletons within each cell enhance the properties of adaptive modules. An adaptive passenger seat and an aircrafts leading, trailing edge is used to demonstrate the potential of a modular approach.
Introduction
Advances in electronics, computer aided engineering, manufacturing and material technology had a great impact on machine design. A good example is the development of fighter jets that spans seven decades and started with propeller machines that were upgraded with simple jet engines. Current fighter jets are statically unstable flying wings with stealth properties and advanced electronics, software, Figure 1 . Improvements in the aerodynamic design were mostly due to the rapid development of computers that allowed the use of unstable designs. The relaxation of aerodynamic design constraints is continued by the current shift towards unmanned aircraft. In contrast, changes in the structural design were not as radical. For example, control surfaces are still rigid bodies that lead to gaps in an aircrafts skin and thus create a source of radar reflections. This is a limiting factor as aircraft become increasingly stealthy. A remedy would be the use of adaptive structures that eliminate these gaps and additionally expand the optimal flight regime. An overview of potential technologies for adaptive structures can be found in [13] . Note that the applicability of adaptive structures is by no means limited to aircraft. Another application area are, for example, architectural elements such as seats and couches. Kinematic mechanisms are the backbone of adaptive structures. Different design principles for a directly actuated, single degree of freedom mechanism are shown in Figure 2 . Both, a compliant and rigid body actuator, structure are considered 1 . Advantages of compliant actuators, structures are the reduced number of parts as well as the lack of backlash, friction and wear. On the other hand, these advantages come at the cost of an increased design complexity since elastic stresses, fatigue have to be considered. Hence, the possible rotation angels are limited. Most actuators possess only a single degree of freedom. This often causes a kinematic incompatibility between mechanism and actuators which prevents a complete fusion between actuators and structure. Nastic plants are an exception insofar that there exists no separation between actuators and structure [8] , [9] . They are made from a large number of cells whose geometry, internal pressures and material properties are tailored for a given set of target shapes and stiffness requirements [10] . This leads to a synergistic effect since cell pressures introduce a prestress into the structure which increases, decreases the overall stiffness, weight. Furthermore, compliant pressure actuated cellular structures can be made from single materials that range from elastomers to metals [11] . This allows the use of advanced manufacturing techniques such as injection molding or rapid prototyping.
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Research on adaptive structures that are inspired by the nastic movement of plants intensified during the last few years. For example, soft actuators are a current trend in robotics [1] , [5] , [12] . Most of these actuators are made from a single row of regular cells that are not optimized for any target shape. Hence, materials that can undergo large elastic strains are used to compensate for the simple cell geometries. These kind of structures can be considered to be a special case of [8] . A modular approach to soft robotics that is based on actuators that are made from a single row (a) . . . a rigid body actuator and structure. This is the classical design principle for machines such as excavators and aircraft [3] .
(b) . . . a rigid body actuator and a compliant structure. Compliant structures reduce the number of parts and potentially reduce the total weight and manufacturing cost. This design principle is currently considered for adaptive aircraft wings [4] .
(c) . . . a compliant actuator and a rigid body structure. The locomotor system of humans and many animals is based on this design principle.
(d) . . . a compliant actuator and structure. This design principle is used for the wings of bees [14] . The lack of hinges reduces friction and wear.
(e) . . . a design principle that does not distinguish between actuators and structure. A compliant pressure driven actuator is formed by a cellular structure. In return, the pressurized cells introduce a prestress into the structure which increases its stiffness [8] - [11] . Nastic plants are based on this design principle.
of regular cells was published by Onal and Rus [6] . The aim of this article is to introduce pressure actuated cellular modules that consist of two optimized cell rows. Furthermore, it is shown how cytoskeletons can be used to decrease, increase the weight, stiffness of adaptive modules. An algorithm that breaks down any continuous target shapes into a set of modules is presented. It is shown that a small number of adaptive, mechanical and rigid modules can be used to construct adaptive structures such as airfoils and passenger seats.
The remainder of this article is organized as follows. Adaptive modules with connectors at both ends that are made from two optimized cell rows are introduced in Section 2. Furthermore it is shown how the weight, stiffness of adaptive modules can be decreased, increased by using cytoskeletons. An algorithm for the interpolation of target shapes with a given set of modules is derived in Section 3. Various adaptive structures that can be build from a few different adaptive, mechanical and rigid modules are presented in Section 4. Finally, Section 5 concludes the article.
Modules
Adaptive Modules
Pressure actuated cellular structures are usually purpose made for a given set of target shapes, cell pressures and stiffness requirements. Hence it is necessary to go through the whole design and manufacturing process for every prototype. Such a procedure is time consuming and expensive. Costs during the initial prototyping phase can be reduced by using a modular approach. A sketch of two different adaptive modules is shown in Figure 3 . It can be seen that a module consists of two cell rows and connectors at both ends that enable an arbitrary combination of modules. Furthermore, the space between adjacent hexagons is filled with a flexible foam to obtain a smooth inner surface. It is subsequently assumed that the limit shapes of an adaptive module are circular arcs 2 . This choice is motivated by the fact that, apart of edge effects, regular cellular structures deform into circular arcs. Hence, cell side lengths and rotation angles at cell corners are more uniformly distributed across the module. The used notation for a single adaptive module is A L α − ,α + where L is its arc length and α − , α + are the central angles of the lower, upper limit shape. Adaptive modules with a given arc length can be designed for arbitrary central angles. However, the shape changing capability ∆α = α + − α − of a module is proportional to its number of cells. Therefore, the module stiffness is inversely proportional to its shape changing capabilities since the module thickness is inversely proportional to its number of [8] is enhanced with two kind of cytoskeletons. The first kind of cytoskeleton reduces bending moments of cell sides and therefore the overall weight of a cellular structure. The second kind constraints possible cell deformations. It can be used to increase a cells stiffness at both target shapes. Hence, deviations from target shapes due to external loads can be minimized.
(b) Cytoskeletons of eukaryotic cells consist of a network of tubules that determine the shape of cells. Furthermore, they play an important role in both intracellular transport and cellular division (courtesy Wikipedia).
cells. For example, it is possible to design cantilevered modules with a shape changing capability of ∆α/L = 90
• /m and an arc length of L = 1 m that can carry tip loads 3 of up to 10 kN/m.
Existing concepts for pressure actuated cellular structures mimic the nastic movement of plants by combining several rows of prismatic cells with tailored cell side lengths and thicknesses. The overall weight and stiffness of these structures can be further improved by using cytoskeletons within each cell as shown in Figure 5 . It can be seen that two kind of cytoskeletons are considered. The first kind reduces the bending moments of cell sides due to differential pressures. This is achieved by providing load paths between corresponding cell sides such that cell deformations during actuation are not hindered. Hence it is possible to reduce cell side thicknesses and thus the overall weight of a cellular structure. The second kind of cytoskeletons limits the deformability of cells. This is achieved by using cytoskeletons that can carry large tensile and only minor compressive forces. Hence it is possible to constrain the cells of an adaptive module A L α − −∆α,α + +∆α such that its shape changing capability reduces to A L α − ,α + . Note that different parts of the cytoskeleton are prestressed at all target shapes. As a consequence, the stiffness of an adaptive module is considerably increased at all target shapes. A similar approach can be found in nature. For example, the shape of eukaryotic cells is determined by cytoskeletons. Ingber [2] showed that the complex structure of cytoskeletons might be explained on the basis of tensegrity structures [7] . His main argument is that local remodeling phenomena of cytoskeletons must be seen in a global, cellular context.
Mechanical and Rigid Modules
The stiffness of an adaptive module is inverse proportional to its shape changing capability. Consequently, adaptive modules can not be used for regions of a structure that undergo large shape changes. Instead it is best to use mechanical modules M L α − ,α + that are based on one of the construction principles shown in Figure 2(a-d) . On the other hand, rigid modules R L ±α can be used for regions that experience only minor shape changes 4 .
Assembly of Modules
A connection between two modules is indicated by the symbol " " so that, for example,
is a structure that is made from four adaptive modules. The reference 5 and limit shapes of this structure are shown in Figure 5 . It should be noted that the cell row pressures of each module have to be controlled separately in order to fully exploit the shape changing capability of a modular structure. This is in contrast to a purpose made structure where cell geometries are tailored for a given set of targets shapes and cell pressures. A consequence of the separate module pressurization is that a single adaptive module can be considered to be a subset of two smaller modules
A similar relationship exists for rigid modules since
4 These modules can be designed for concave and convex regions with an identical absolute curvature. 5 The reference shape of an adaptive module is assumed to be the average of its limit shapes. 
Discretization of Target Shapes
All continuous target shapes can be accurately represented by infinitesimally small circular arcs. The error introduced by circular arcs with finite, constant arc lengths is usually negligible so that standardized modules can be used instead. This subsection introduces an algorithm that interpolates target shapes with a given set of n different modules
such that the approximation error is minimal. Furthermore, C 1 continuity between modules is enforced. The functionality of this algorithm and the used notation is summarized in Figure 3 .
The chord length s of a circular arc with an arc length L and central angle α is
so that the first and second derivatives with respect to α are
The height h of a circular arc is
and its first and second derivatives with respect to α are
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The nodal P j and central Q j coordinates of circular arcs with an enforced C 1 intersegment continuity are
where the angle θ j is
Note that α 0 defines the gradient of the modular structure at P 0 . The first derivatives of P j and Q j with respect to α are
and
Vectors v 1 , v 2 and α contain m + 1 elements. The number of non-zero entries in v 1 and v 2 is j + 1 so that
The second derivatives of P j and Q j with respect to α are
The error norm for a least square interpolation of a set of points P 
so that its first derivatives with respect to the central angles α are
and the corresponding second derivative results in
and therefore
Based on a Newton-Raphson scheme, an update for the angles α is
The upper and lower bounds for each angle α j are defined by the chosen module
. These constraints are iteratively enforced with Lagrange multipliers. Finally, the circle center C j can be computed by using the following equalities
so that
4 Adaptive Structures
Airfoil
An aircraft wing is the first example that demonstrates the approximation power of adaptive modules. Points that describe the geometry of an optimized leading, trailing edge during high, low flight speeds are summarized in Appendix A 6 . Closed form expressions for the geometry of the leading, trailing edges are obtained by polynomial interpolation. The resulting curves are then split into a number of segments with given arc lengths as shown in Figure 7a . Note that a point at the center of each segment is computed for the subsequent interpolation with circular arcs, modules. The optimal number of segments and their arc lengths is found by a combinatorial optimization approach 7 . This is possible since the underlying problem, total number of modules is usually small. A C 1 continuous interpolation of the target shapes with circular arcs, modules is shown in Figure 7b 
and for the trailing edge results in 6 Only a single set of points is given for the trailing edge since the available data is based on a rigid Fowler flap. Nevertheless, an adaptive version of this trailing edge that can change the inclination of its upper surface by 20 • is subsequently presented. 7 Segment arc lengths need to have a common divisor so that standardized modules can be used. Furthermore, the smallest possible number of segments that results in an acceptable interpolation error is used.
The stiffness of an adaptive airfoil can be increased by using internal mechanisms, Figure 7c . Potential mechanisms can be found by computing, for all possible airfoil shapes, equidistant pairs of points along the inner sides of a leading, trailing edge. Another equidistant, fixed point inside the leading, trailing edge can be found for some point pairs. These additional points can be used as supports for rigid body mechanisms since their position is invariant.
Passenger Seat
The second example is a passenger seat that can change its inclination by ±10
• and adapt to persons with heights between 1.7 − 1.9 m. The geometry of a 2 m tall person is defined in Figure 8a by a sequence of C 1 continuous circular arcs 8 . Data for different body heights is obtained by scaling. Varying seat inclinations are modeled by a rigid body rotation of the torso around the hip and a corresponding displacement of the head, Figure 8b 
Conclusions
This article introduced a modular approach to adaptive structures. Adaptive modules consist of compliant pressure actuated cells that are terminated at both ends via rigid connectors. These kind of actuators are lightweight, strong, energy efficient and can be produced from a single material by using advanced manufacturing techniques such as injection molding or rapid prototyping. A enhancement of pressure actuated cellular structures that is based on cytoskeletons was introduced. This concept can be used to decrease, increase the weight, stiffness of adaptive modules. Modules possess a fixed arc length and reassemble a circular arc with a varying central angle. An algorithm that breaks down any continuous target shape into a given set of modules was presented. It was shown that it is possible to build an adaptive passenger seat and a leading, trailing edge of an aircraft with only a few standardized modules.
A Coordinates of Leading and Trailing Edge
Points that describe the shapes of a leading edge for high, low flight speeds are summarized in Table 1 . Corresponding coordinates for a trailing edge 9 are summarized in Table 2 . Note that this airfoil geometry is similar to the one used by Kintscher and Wiedemann [3] . Table 2 : Trailing edge coordinates of first target shape. 9 Only one set of points is given for the trailing edge since available data is based on a rigid Fowler flap.
